The Wnt/b-catenin signaling pathway is responsible for the establishment of the dorsoventral axis of Xenopus embryos. The recent finding of the F-box/WD40-repeat protein slimb in Drosophila, whose loss-of-function mutation causes ectopic activation of wingless signaling (Jiang, J., Struhl, G., 1998. Nature 391, 493-496), led us to examine the role of its vertebrate homolog b-TrCP in Wnt/b-catenin signaling and dorsal axis formation in Xenopus embryos. Co-injection of b-TrCP mRNA diminished Xwnt8 mRNA-induced axis formation and expression of Siamois and Xnr3, suggesting that b-TrCP is a negative regulator of the Wnt/b-catenin signaling pathway. An mRNA for a b-TrCP mutant construct (DF), which lacked the F-box domain, induced an ectopic axis and expression of Siamois and Xnr3. Because this activity of DF was suppressed by co-injection of b-TrCP mRNA, DF likely acts in a dominant negative fashion. The activity of DF was diminished by C-cadherin, glycogen synthase kinase 3 and Axin, but not by a dominant negative dishevelled. These results suggest that bTrCP can act as a negative regulator of dorsal axis formation in Xenopus embryos.
Introduction
The Wnt/b-catenin signaling pathway is responsible for establishment of the dorsal axis of Xenopus embryos. Reagents which activate the Wnt/b-catenin pathway, such as Wnt ligands, dishevelled, inhibitors of glycogen synthase kinase 3 (GSK3), and b-catenin, induce a secondary dorsal axis when injected into the ventral side of embryos (reviewed in Heasman, 1997; Moon et al., 1997) . Activation of the Wnt/b-catenin pathway leads to stabilization and nuclear accumulation of b-catenin protein, which results in Tcf3-dependent transcriptional activation of a homeobox gene Siamois and a TGFb family member Xnr3 (Brannon et al., 1997; McKendry et al., 1997) . Also, disturbance of the signaling activity of b-catenin and Tcf3 during early development causes loss of dorsal structures (reviewed in Kühl and Wedlich, 1997) .
The mechanism of Wnt (wingless)/b-catenin (armadillo) signaling has been extensively studied in Drosophila using genetics. Recently, Jiang and Struhl (1998) have found a gene called slimb, whose loss of function mutation produces effects similar to ectopic activation of wingless, including nuclear accumulation of armadillo protein. The Slimb gene product contains an F-box motif and WD40-repeats, and is structurally similar to vertebrate b-TrCP and yeast Cdc4. Cdc4 has been shown to control the yeast cell cycle by regulating the stability of a cyclin kinase inhibitor Sic1. The F-box domain in Cdc4 binds the ubiquitin ligase complex, and the WD40-repeats in Cdc4 binds phosphorylated Sic1. These interactions lead to ubiquitination of Sic1, resulting in degradation of Sic1 via the ubiquitin-proteosome pathway (Skowyra et al., 1997; Feldman et al., 1997) . Since it is known that the stability of b-catenin protein is regulated by the ubiquitin-proteosome pathway (Aberle et al., 1997) , a possible function of slimb is to negatively regulate wingless signaling by controlling the stability of armadillo protein (Jiang and Struhl, 1998) .
b-TrCP was originally isolated as a Xenopus oocyte cDNA which has the ability to rescue the yeast cell cycle mutant cdc15 (Spevak et al., 1993) . Although a possible role of b-TrCP in cell cycle regulation has been implicated, its role in early development has not been studied. Because of the high structural homology between slimb and b-TrCP, it is of particular interest to examine whether b-TrCP is involved in the regulation of the Wnt/b-catenin signaling pathway in vertebrates. In this study, we examined the role of b-TrCP in Xenopus early development, specifically with regard to dorsal axis formation, which is regulated by the Wnt/b-catenin signaling pathway.
Results

b-TrCP diminished dorsal axis activity of Xwnt8
To determine whether b-TrCP acts as a negative regulator of the Wnt/b-catenin pathway in Xenopus embryos, we assayed its effect on the axis-inducing activity of Xwnt8 in UV-ventralized embryos. UV-irradiation of the vegetal half of the fertilized egg results in the development of embryos lacking dorsoanterior structures (Malacinski et al., 1975; Scharf and Gerhart, 1980) and the injection of Xwnt8 mRNA rescues a complete axis in the UV-ventralized embryo (Smith and Harland, 1991; Sokol et al., 1991) . We co-injected Xwnt8 (5 pg) and b-TrCP (2.5 ng) mRNAs into a vegetal blastomere of the UV-treated embryo at the 8-cell stage, and examined the degree of rescued dorsal axes. Embryos were scored when they reached the tadpole stage, using the dorsoanterior index (DAI: Kao and Elinson, 1988) . When compared with the co-injection of Xwnt8 (5 pg) and control b-galactosidase (b-gal; 2.5 ng) mRNAs, the degree of the axis formation by Xwnt8 and bTrCP mRNAs was lower (Table 1) . While the injection of Xwnt8 and b-gal mRNAs rescued a complete axis with a fully developed head and two distinct eyes of the normal size in most cases (average DAI = 4.7; n = 126), the injection of Xwnt8 and b-TrCP mRNAs produced an axis which had no head or a reduced head with small eyes, fused eyes or a cyclopic eye (average DAI = 3.5; n = 132) (Fig. 1A-C) .
We also examined the inhibitory action of b-TrCP mRNA on the transcriptional activation of Siamois and Xnr3 by Xwnt8 mRNA. Animal poles were injected with either b-TrCP or b-gal mRNA (2 ng) at the 2-cell stage, and then injected with Xwnt8 mRNA (5 pg) at the 4-cell stage. Animal caps were excised from the injected embryos when they became blastula (stage 8-9), and assayed for the expression of Siamois and Xnr3 by reverse transcriptionpolymerase chain reaction (RT-PCR) when the sibling embryos started gastrulation (stage 10). The expression levels of both Siamois and Xnr3 in animal caps induced by Xwnt8 and b-TrCP mRNAs were lower than those induced by Xwnt8 and b-gal mRNAs (Fig. 1D ). These results suggest that b-TrCP is a negative regulator of the Wnt/b-catenin signaling pathway in Xenopus early embryos. However, injection of b-TrCP mRNA (5 ng) into dorsal blastomeres of wild-type embryos at the 4-cell stage did not diminish primary axis formation (data not shown).
F-box deletion mutant of b-TrCP induced an ectopic axis and expression of Siamois and Xnr3
To interfere with the function of endogenous b-TrCP, we attempted to make a mutant b-TrCP which acts as a dominant negative form. We introduced a deletion in the F-box domain ( Fig. 2A) , which is implicated as a binding site for the ubiquitin ligase complex (Skowyra et al., 1997) . Injection of a ventral-vegetal blastomere of wild-type embryos at the 16-cell stage with 2 ng of mRNA for the mutant bTrCP (DF) resulted in induction of a secondary dorsal axis in 77% of the injected embryos (57/74) (Fig. 2B ). The induced secondary axis had either a fully developed head (DAI = 5; 17/57), a reduced head with small eyes, fused eyes or a cyclopic eye (DAI = 4 or 3; 32/57), or no head (DAI = 2 or 1; 8/57). Injection of a higher amount of DF mRNA (5 ng) induced a secondary axis with an efficiency similar to the injection of 2 ng of the mRNA (data not shown). Injection of a lower amount of DF mRNA (500 pg) induced a partial axis with no head in most cases (data not shown). Control injection of b-gal mRNA (2-5 ng) did not induce a secondary axis (data not shown).
DF mRNA (2.5 ng) rescued a dorsal axis in UV-ventralized embryos when injected into a vegetal blastomere at the 8-cell stage (average DAI = 3.9; n = 24) ( Table 2 ). The dorsal axis activity of DF mRNA was suppressed by the co-injection of 2.5 ng of normal b-TrCP mRNA (average DAI = 1.6; n = 37), but not by the co-injection of 2.5 ng of b-gal mRNA (average DAI = 3.6; n = 34) (Table 2), suggesting that DF acts as a dominant negative form.
When injected into the animal pole at the 4-cell stage of wild-type embryos, DF mRNA (2 ng) induced expression of Siamois and Xnr3 in animal caps (Fig. 2C) . The induction of Siamois and Xnr3 by DF mRNA was suppressed by preinjection of normal b-TrCP mRNA (2 ng) at the 2-cell stage The data presented is a summary of four independent experiments using different batches of embryos. n is the total number of embryos scored.
but not by b-gal mRNA (2 ng), supporting the idea that DF is a dominant negative form of b-TrCP (Fig. 2C ). The induction of Siamois and Xnr3 in animal caps by DF mRNA was suppressed by pre-injection of C-cadherin mRNA (Fagotto et al., 1996) , suggesting that cytoplasmic b-catenin is required for the dorsal axis activity of DF (Fig.  2D ). The induction of Siamois and Xnr3 in animal caps by DF mRNA was also inhibited by pre-injection of mRNA for Xenopus GSK3 (XGSK3) and Axin (Zeng et al., 1997) , but not Xdd1, a dominant negative form of Xenopus dishevelled (Sokol, 1996) (Fig. 2D) . These results suggest that the endogenous b-TrCP negatively regulates dorsal axis formation in the ventral side of the embryo and that dorsal axis formation occurs when its activity is interfered by DF.
Discussion
In this study, we showed that b-TrCP diminished the ability of Xwnt8 to rescue a dorsal axis in UV-ventralized embryos and to induce expression of Siamois and Xnr3 in animal caps. We also showed that a mutant construct of bTrCP (DF) which lacked the F-box domain induced an ectopic axis and expression of Siamois and Xnr3 by antagonizing normal b-TrCP. The induction of the expression of Siamois and Xnr3 by DF was diminished by C-cadherin, XGSK3 and Axin, but not a dominant negative dishevelled, Xdd1. From these results, we conclude that b-TrCP can act as a negative regulator of the Wnt/b-catenin signaling pathway and dorsal axis formation in Xenopus early development.
b-TrCP belongs to the F-box/WD40-repeat family of proteins which includes the yeast Cdc4. In yeast, Cdc4 acts with the ubiquitin ligase complex to promote ubiquitination and proteolysis of the phosphorylated form of Sic1 (Feldman et al., 1997; Skowyra et al., 1997) . b-catenin is phosphorylated by GSK3 and degraded by the ubiquitinproteosome pathway, and the GSK3 consensus phosphorylation site in b-catenin is necessary for its ubiquitination (Yost et al., 1996; Aberle et al., 1997) . Thus, b-TrCP may play an analogous role to Cdc4, targeting the phosphorylated b-catenin for ubiquitination and proteolysis. In this study, we showed that the dorsal axis activity of Xwnt8 was diminished by b-TrCP. It is possible that, while the signaling by Xwnt8 suppresses the activity of XGSK3 to The data presented is a summary of two independent experiments using different batches of embryos. n is the total number of embryos scored.
tion of slimb in Drosophila (Jiang and Struhl, 1998) . DF may interact only with the phosphorylated b-catenin but not with the ubiquitin ligase complex so as to compete with endogenous b-TrCP for the phosphorylated b-catenin. This interaction may lead to suppression of the ubiquitination and proteolysis of b-catenin. Because DF induced a secondary dorsal axis when injected into the ventral side of the embryo, the role of b-TrCP may be to maintain the low level of cytoplasmic b-catenin and ventral status of cells unless they receive signaling by exogenous Wnts or endogenous dorsal factors in the vegetal cortex (see below). The induction of Siamois and Xnr3 in animal caps by DF was not inhibited by overexpression of Xdd1. Because Xdd1 inhibits the dorsal axis activity of Xwnt8 and Xdsh (Sokol, 1996) , DF is not likely to act upstream of Xdsh. In contrast, the induction of Siamois and Xnr3 by DF was inhibited by overexpression of XGSK3 and Axin. Recently, Axin has been shown to interact with both GSK3 and b-catenin to promote the phosphorylation of b-catenin (Ikeda et al., 1998) . Therefore, it is possible that increased efficiency of b-catenin phosphorylation by overexpression of XGSK3 and Axin may compensate for the reduced efficiency of the ubiquitination of the phosphorylated b-catenin, which is caused by DF.
When the b-TrCP cDNA is used to probe Northern blots, it hybridizes to three RNAs from oocytes: 4.9, 3.5, and 2.5 kb transcripts. Neither the structural identities of these three transcripts nor their relationship with the b-TrCP cDNA (1.7 kb), which we used in this study, is certain (Spevak et al., 1993) . The 4.9 and 3.5 kb transcripts are preferentially localized to the vegetal cortex, while the 2.5 kb transcript is preferentially localized to the animal half (Hudson et al., 1996) . The vegetal cortex contains dorsal factors which are responsible for the dorsal axis formation (Fujisue et al., 1993; Holowacz and Elinson, 1993) . The vegetal cortical dorsal factors behave similarly to activators of the Wnt/bcatenin signaling pathway and induce nuclear accumulation of b-catenin protein and expression of Siamois and Xnr3 in animal caps (Holowacz and Elinson, 1995; Darras et al., 1997; Marikawa et al., 1997) . Since b-TrCP and its modified form DF regulated the Wnt/b-catenin signaling pathway, it will be interesting to compare the forms of b-TrCP found in the vegetal cortex to that in the animal half, to see whether the vegetal forms have a specific function in axis formation.
Materials and methods
Embryos
Xenopus laevis embryos were obtained as described in Marikawa et al. (1997) . UV-irradiation of fertilized eggs and scoring of dorsoanterior index (DAI) was done according to Kao and Elinson (1988) . Embryonic stages were determined according to Nieuwkoop and Faber (1967) .
Constructs
b-TrCP cDNA, which is a NotI-SalI fragment of the plasmid pF112 (Spevak et al., 1993) , was subcloned into the NotI/SalI sites of pBluescript SK (Stratagene) for in vitro mRNA synthesis. DF, the deletion mutant of b-TrCP which lacks the F-box domain (amino acids (aa) 113-157: Jiang and Struhl, 1998) , was constructed as follows. The region encoding the N-terminal part of b-TrCP (aa 1-112) was PCR-amplified with the primer F1 (5′-GCT CTA GAG CGG TAA TGA AAT CCC-3′) and the T3 primer using the pBluescript SK/b-TrCP plasmid as a template. The region encoding the C-terminal part of b-TrCP (aa 158-519) was PCR-amplified with the primer F2 (5′-GCT CTA GAG CGG ATG GTC CGG ACA-3′) and the T7 primer using the same plasmid as a template. The underlined sequences contain an XbaI site. The first amplified fragment was digested with NotI and XbaI, and the second amplified fragment was digested with XbaI and SalI. These two digested fragments were ligated and subcloned into the NotI/SalI sites of pBluescript SK. Sequencing confirmed that the F-box domain was specifically deleted.
Capped mRNAs were synthesized by in vitro transcription and injected into embryos as described by Moon and Christian (1989) . To prepare mRNAs for b-TrCP and DF, the corresponding plasmids were linearized with SalI and capped mRNAs were synthesized from T3 promoters. Synthetic mRNAs for Xwnt8, Xdd1, XGSK3, Axin and C-cadherin were prepared according to Sokol et al. (1991) , Sokol (1996) , Dominguez et al. (1995) , Zeng et al. (1997) and Fagotto et al. (1996) , respectively. Synthesized mRNAs were treated with RNase-free DNase, phenol-chloroform extracted, precipitated twice with 2.5 M LiCl and 25 mM EDTA, and extensively washed with 70% ethanol. The mRNAs were dissolved in DEPC-treated water. Microinjection was done with the aid of a Nanoject automatic oocyte injector (Drummond).
RT -PCR assays
For each experiment, total RNA was extracted from eight to ten pieces of animal caps by the Proteinase K/SDS method . The total RNA samples were treated with RNase-free DNase, phenol-chloroform extracted, and ethanol precipitated. Oligo dT-primed first strand cDNA was prepared from 1 mg of total RNA with an M-MLV reverse transcriptase (Gibco BRL) in a 30 ml reaction according to the manufacturer's instructions. 20 ml PCR reactions were carried out using Taq DNA polymerase (1 unit/reaction) and PCR buffer (Gibco BRL), with 15 mM MgCl 2 , 250 mM dNTPs, 2 mCi of [a-32 P]dCTP, 40 ng of each primer, and 2 ml of the first strand cDNA. The initial denaturation was carried out at 94°C for 5 min and was followed by 23 cycles of three temperatures: denaturation at 94°C for 50 s, annealing at 55°C for 50 s, and extension at 72°C for 50 s. The final extension was carried out at 72°C for 10 min.
After amplification, half of each reaction was run on a 5% polyacrylamide gel which was dried and exposed to an Xray film. Under these conditions, amplification occurred in the exponential range for Siamois, Xnr3 and EF1a and the intensity of the signal obtained was linear to the amount of the target, as checked by a serial dilution of total RNA and cDNA (data not shown). The sequences of the primers were described previously: Siamois (Brannon and Kimelman, 1996) , Xnr3 (Yang-Snyder et al., 1996) and EF1a (Hemmati-Brivanlou and Melton, 1994) .
